An empirical model of ionospheric total electron content (TEC) near the crest of the equatorial ionization anomaly (EIA) 
Introduction
Radio waves traversing the ionosphere experience effects such as group path delay, radio frequency carrier phase advance, Faraday polarization rotation, angular refraction, frequency Doppler shift, scintillation, etc. (e.g., Budden 1961) . All of these factors may limit the performance and accuracy of the fail-safe transionospheric communication and navigation link systems. The region around the crest of the equatorial ionization anomaly (EIA) is most vulnerable in this aspect. Most of the above effects exhibited by the signals propagating through the ionosphere are directly proportional, at least to the first order, to the number of free electrons encountered along the path of the signal between the satellite and ground receiver, i.e., the total electron content (TEC) or its time derivative (Ezquer et al. 2004) . Modeling of the TEC near the EIA peak is thus important for use in minimizing communication link disruptions.
During the last few decades, great efforts have been made to develop ionospheric models. The majority of the models may be categorized into three groups: (i) empirical models (Bent et al. 1972; Ching & Chiu 1973; Rawer et al. 1978; Anderson et al. 1987 Anderson et al. , 1989 Nisbet & Divany 1987; Tascione et al. 1988; Daniell et al. 1995; Batista et al. 1996; Abdu et al. 2008; Brum et al. 2011 Brum et al. , 2012 Bilitza et al. 2012) , (ii) theoretical or mathematical models (Bailey et al. 1978; Anderson & Klobuchar 1983; Anderson et al. 1996; Schunk & Sojka 1996; Brum et al. 2006) , and (iii) parameterized models (Daniell et al. 1995; Souza et al. 2010) . The empirical models are based on statistical analyses of long-term ionospheric measurements, while theoretical/mathematical models are developed by solving a set of equations accounting for different physical and chemical processes that take place in the ionosphere. On the other hand, parameterized models are based on theoretical climatology as given by the physics-based model of the ionosphere.
The efficiency of most of the models in reproducing or predicting the ambient ionization or TEC varies largely with geographic locations and geophysical conditions. The region near the EIA or low latitude region has proven to be the most difficult of all (McNamara 1983; Anderson et al. 1987; Barman et al. 1997; Sibanda & McKinnell 2009) . No currently available ionospheric model can accurately predict the TEC near the anomaly crest or low latitude zone. The region of most concern to the users of satellite-based communication and navigation systems is the region near the anomaly crest. The EIA crest region ionization is mainly controlled by solar ionizing flux and the equatorial fountain effect. However, the variability of solar EUV radiation, equatorial electrodynamics, and the transequatorial wind system introduce extreme variability in the ambient ionization around the crest region. In the present effort, we will analyze the TEC variation using a long (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) database taken at the ionosphere field station Haringhata (University of Calcutta, India: 22. 58°N, 88.38°E, geographic; 12.09°N, 160.46°E geomagnetic) . This station is situated virtually underneath the statistical location of the EIA crest. The analyses are directed toward the development of a local empirical TEC model. We feel that a local model is superior to a global model because the latter may smear out unique features of a particular location. Development of station-specific local models is necessary for application to satellite communication and navigation systems.
Database
The TEC data (15 min time resolution) are obtained using the technique of Faraday rotation of plane polarized VHF (136.11 MHz) signals from the geostationary Engineering Test Satellite-2 (ETS-2) at Haringhata. The 400 km subionospheric point of the ETS-2 ray path is located at 21°N, 92.7°E (geographic), 10. 27°N, 164.44°E (geomagnetic) . Detailed descriptions of the ETS-2 mission are given in Fugono et al. (1980) . The ETS-2 measurements for the interval between 1980 and 1990 are utilized to develop the TEC empirical model. The model validation was made using ETS-2 observations from 1978 to 1979. A further validation of the model was performed using recent (2011 and 2012) TEC observations by ground-based Global Navigation Satellite Systems (GNSS) from a nearby station Raja Peary Mohan College (RPMC: 22.65°N, 88.36°E geographic; 13.12°N, 161.68°E geomagnetic) (Hajra et al. 2012) . The GNSS TEC data are recorded at RPMC at 1 min time resolution using a dual frequency (1575.42, 1227.6 MHz) Septentrio PolaRxSPro receiver. We use an elevation mask angle of 50°for slant-to-vertical conversion of TEC and an azimuth filter of 100°-220°to avoid local time contamination effect. Also, appropriate satellite and receiver bias corrections are incorporated (Sardon et al. 1994; Jakowski et al. 2011) . We compare the TEC observation and the present model output with TEC estimated by the International Reference Ionosphere (IRI) model (Bilitza et al. 2012 ). The IRI model was run online (http://iri.gsfc.nasa.gov/).
We consider F 10.7 as the surrogate index for the solar ionizing flux owing to unavailability of a proper EUV database (e.g., Doherty et al. 2000; Mahajan & Dwivedi 2005) . The daily F 10.7 data were collected from the website: http:// www.drao.nrc.ca/icarus.
The amplitude of the equatorial electrojet (EEJ) is considered to be the proxy index of the equatorial electric field (see Stolle et al. 2008 ). The EEJ refers to an enhanced ionospheric current flowing at an altitude of~100 km in the narrow latitudinal belt around the magnetic equator, ranging from 5°N to 5°S (Chapman 1951) . It is estimated from the magnetometer horizontal intensity data (1 h time resolution) from Trivandrum (8.29°N, 76.57°E geographic; 1.09°S, 147.84°E geomagnetic) and Alibag (18.63°N, 72.87°E geographic; 9.52°N, 145.37°E geomagnetic) by the method suggested by MacDougall (1969) and Chandra & Rastogi (1974) . Trivandrum is an EEJ station while Alibag is located outside the EEJ belt. Accordingly, the hourly variations of the horizontal component of the geomagnetic field relative to its nighttime values at Alibag are subtracted from the corresponding values at Trivandrum. The magnetometer data are collected from the World Data Centre for Geomagnetism, Mumbai, India (http://wdciig.res.in/WebUI/Home.aspx).
For the present study, we consider only normal EEJ days (eastward during daytime) and geomagnetically quiet conditions (Dst > À50 nT; Gonzalez et al. 1994) . Dst data were obtained from the World Data Center for Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/).
Model development
TEC at a specific location is determined by the integrated effects of production, loss, and transport processes (plasma continuity equation). Each of these effects has different weight depending on the geomagnetic/geographic location, solar and geomagnetic activity, season and local time. While production is mainly controlled by solar EUV radiation, transport at the low latitude region is dominated by the equatorial fountain effect (Appleton 1946; Martyn 1955; Duncan 1959; Ross 1966; Das Gupta & Basu 1973; Richmond et al. 1976; Balan et al. 1993; Doherty et al. 2000) . The electron production by photo-ionization of neutral atoms and molecules is proportional to the intensity of solar radiation, governed by the Beer Lambert law. It is also determined by the density and properties of the neutrals (Golton & Walker 1971; Rastogi & Sharma 1971; Huang et al. 1989; Klobuchar et al. 1991; Wu et al. 2004 ). The plasma transport contribution varies with the altitude and is most important above the ionospheric E-layer.
In the E-layer where transport is mostly unimportant, electron density is proportional to the square root of the production rate. It may be mentioned that TEC is a height-integrated parameter and is weighted mostly by the electrons in the F-regions, with 2/3rd of the contribution coming from regions above the altitude of the F-region peak. The vertical E · B drift of plasma driven by the orthogonal configuration of the geomagnetic field (B) and zonal electric field (E) over the magnetic equator, and subsequent diffusion along the geomagnetic field lines due to gravitational and pressure gradient forces lead to the development of the EIA (Martyn 1955; Duncan 1959) . The EIA is a double humped structure in the latitudinal distribution of the ionization at low magnetic latitudes. It is characterized by a region of depleted ionization (ionization trough) at the magnetic equator and two crests of enhanced ionization at around ±15-20°magnetic latitudes (Appleton 1946) . Other than the contributions of production and transport of ionization, the effects of seasons and local times are also important contributors to the variability of TEC. In the present effort, we combine the result of analyses of the solar ionizing flux production, transport of ionized particles, and seasonal and local time variability to develop a model of monthly mean TEC.
The top and middle panels of Figure 1 show the variation of the monthly mean TEC with F 10.7 solar flux for the descending phase of solar cycle (SC) 21 (1980-1985) and the ascending phase of SC 22 (1986 of SC 22 ( -1990 , respectively. As mentioned in Section 2, we only consider normal EEJ days and geomagnetically quiet days with Dst > À50 nT to estimate the monthly mean TEC values. The month of August was selected for this representation. The results at five different local times (LT = UT + 0530 h): 0600, 0900, 1200, 2000, and 2300 LT are shown. It can be noted that TEC increases linearly with F 10.7 flux increases. The correlation coefficient between TEC and F 10.7 varies between 0.89 and 0.99, confirming the dominating solar radiation impact on equatorial TEC during quiet intervals.
In the bottom panel of Figure 1 , the monthly mean TEC for 1980-1990 is given. Under similar conditions of solar activity (the same F 10.7 ), it is found that there are significant differences in the TEC values during the descending and ascending phases of the solar cycle. The TEC in the ascending phase has a different variation from that in the descending epoch. This is called the ionospheric hysteresis effect. The effect is observed in all months and at all local times (not shown to conserve space). The ionospheric hysteresis effect is more prominent in high solar activity intervals than in lower activity ones. It may be noted that this effect has less impact at 1200 LT compared to other time sectors shown in Figure 1 . A detailed discussion about the features and causes of the TEC hysteresis effect may be found in Chakraborty & Hajra (2008) and Hajra (2011) . It was shown to exhibit prominent local time effect with temporal flip-over between the ascending and descending phases of the solar cycle. The effect was discussed to be related to varying geomagnetic activity between the ascending and descending phases, interhemispheric plasma flow and neutral wind changes. Peculiar local time dependence of the hysteresis effect deserves further investigation. Due to the aforementioned TEC hysteresis effect, the data for the two epochs are considered separately in the development of our empirical model. ) and c s(t,m) predicts TEC sðF 10:7 ;t;mÞ for the hypothetical condition of F 10.7 = 0 SFU (given in TECU). t and m denote the local time and month number. In the descending and ascending phases of the solar cycle, TEC at each hour of the day is expressed as the linear function of F 10.7 solar flux for a particular month and the coefficients (a s(t,m) , c s(t,m) ) of linear regression are generated. In each phase, a 24 · 12 (number of hours in a day · number of months in a year) matrix for a s(t,m) is developed as well as another 24 · 12 matrix for c s(t,m) .
To study the seasonal variation of TEC, we normalize the monthly mean TEC with respect to F 10.7 solar flux values. Contour plots of TEC, normalized at F 10.7 = 100 SFU, for various months at different local times are shown in Figure 2 . The normalized TEC exhibits semiannual variations with two peaks around the equinoxes and a minimum during summer solstice. A remarkable local time dependence of the semiannual anomalies is evident in the plots. The semiannual variation is most prominent around local noon (1200-1400 LT) with a summer-to-equinoctial variation of~50-100 TECU. Another important feature is the clear dawn-dusk difference of the TEC values. During dawn, due to low/no solar ionization, low conductivity, and low equatorial electric field (EEJ), weak fountain effect, TEC level at the anomaly crest (present location) is low. On the other hand, presence of pre-reversal enhancement of equatorial electric field and consequent resurgence of equatorial fountain effect seem to play an important role in enhanced dusk time TEC values. The seasonal variations have been suggested to be caused mainly by (i) the seasonal position of the subsolar point in relation to the geomagnetic equator, and (ii) the semiannual variation of (Mayr & Mahajan 1971; Fuller-Rowell 1998; Rishbeth et al. 2000; Zou et al. 2000) .
Using non-linear regression analyses, the seasonal variation is fitted to a sinusoidal curve with a positive residual, and the regression coefficients (a m(t) , c m(t) , k m(t) , d m(t) ) are generated at each local time of the day (t) (Eq. (2)):
Here, the month number (m) is considered to be the variable. Figure 3 shows a sample plot of the curve fitting at three different local times, 1000, 1200, and 0000 LT. Although a similar analysis was performed for all local time sectors with good results, we show these to conserve space. In each phase of the solar cycle, we obtain 24 values (at 24 LTs) for each coefficient. The parameter k m(t) , the semiannual periodicity, has the value of~6 months.
A further normalization of the solar flux normalized-TEC values on a seasonal basis yields the variation of TEC with local time. The average of the diurnal variation for different months during the descending phase is shown in Figure 4 . A few plots are selected to show data from all seasons. Similar results are obtained from other months as well (not shown). The diurnal pattern has a peak around local noon (1200-1400 LT) and minimum before sunrise (0400-0500 LT). This is the typical diurnal variation of TEC around the EIA crest location. This pattern may be described by a sine function of local time (t) with a positive residual value (Eq. (3)):
The regression coefficients (a t(m) , c t(m) , k t(m) , d t(m) ) are generated for each month (m). This leads to 12 values for each of the coefficients during each phase of the solar cycle. The value of k t(m) is~24 hours, which is the span of a diurnal TEC profile.
To study the fountain effect on TEC, as dictated by the EEJ dynamics, the deviations of the monthly mean TEC from the corresponding solar flux normalized values are considered. As the solar flux contributions are observed to be the maximum around 0900 LT (Chakraborty & Hajra 2008; Hajra 2011) , deviations are estimated from solar flux normalized values around this period. TEC deviations are plotted against the EEJ values. An approximate time delay of~2 h between the cause (triggering of the equatorial fountain) and the effect (changes in ambient level near the anomaly crest) is incorporated in the selection of EEJ values (Rush & Richmond 1973; Sethia et al. 1980; Chakraborty & Hajra 2009 ). Figure 5 shows sample plots of the TEC variation with EEJ (linear regression fitting) for the months of January, July, and October (Eq. (4)). While similar results are obtained for all months, we select these months from different seasons to conserve space. The correlation coefficient (0.85) between the two is high and statistically significant. TEC eðEEJ;t;mÞ ¼ a eðt;mÞ Â EEJ h iþ c eðt;mÞ :
Here, hEEJi is given in the unit of nT. Through regression analyses, the coefficients (a e(t,m) , c e(t,m) ) are generated for each local time (t) during each month (m) to extract the EEJ contribution to the diurnal variations of TEC. As in the case for the solar flux contribution calculation, we derive separately a 24 · 12 matrix for a e(t,m) and a 24 · 12 for c e (t,m) . This is done separately for the two phases of the solar cycle, as before.
We now perform a multiple-regression analysis (MRA) to express the monthly mean TEC as a combined function of the four sources (solar flux, season, local time, and EEJ), as expressed in Eqs. (1)-(4). MRA is a useful statistical tool that can be used to predict the value of a variable based on the values of two or more other variables (Pearson & Lee 1908; Fig. 2 . Contour plots of TEC normalized at F 10.7 = 100 SFU for various months at different local times during the descending phase of SC 21 (1980-1985) and the ascending phase of SC 22 (1986) (1987) (1988) (1989) (1990) . The values of different colors are given in the legend on the right. Osborne 2000) . The final model is formulated below as Eq. (5) 
The four sets of regression coefficients generated through MRA are adjusted with those obtained previously to generate the final set of coefficients (a s(t,m) , a m(t) , a t(m) , a e(t,m) , c s(t,m) , c m(t) , c t(m) , c e(t,m) ). Finally a database containing two 24 · 12 (LT · month) matrices for each of the coefficients a s(t,m) , a e(t,m) , c s(t,m) , c e(t,m) , two 24 · 1 (LT) matrices for a m(t) , c m(t) , k m(t) , and d m(t) , and two 12 · 1 (month) matrices for a t(m) , c t(m) , k t(m) , and d t(m) is generated. The F 10.7 solar flux, month number (m), local time (t), and monthly mean EEJ (hEEJi) are the four input parameters used to get the monthly mean TEC (TEC modelðF 10:7 ;t;m; EEJÞ ) as the output using the empirical model.
Model comparison and validation
Using the above-derived empirical model, the diurnal values of monthly mean TEC are calculated for the period from 1980 to 1990. Figure 6 shows a comparison of the TEC values estimated using the empirical model (TEC model) with the observed values (TEC observed) at different hours of the day during various months of the ascending phase of SC 22 (1986) (1987) (1988) (1989) (1990) . The identical nature of the two contour plots confirms that the model fits well with the observed TEC during different solar activity conditions. This is as expected because the dataset is the one used for development of the model. This constitutes a verification of the code, which is a standard technical requirement for every empirical model.
A further validation of our empirical model is made using TEC observations for the years 1978 and 1979. We remind the reader that the model was developed using database of TEC during a different time period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) . Figure 7 shows some sample plots for the comparison of the TEC values estimated by the empirical model with the observed TEC values during different months of 1978 and 1979. In the same figure, the TEC estimations from the IRI model are also shown for comparison. The continuous curves show the monthly mean TEC values while the vertical bars represent the standard (1 À r) deviations of the observed TEC. The TEC values estimated by the present model are within the 1 À r range of the observed monthly mean values during both day and night local times. On the other hand, the IRI model seems not to be accurate enough to predict/estimate TEC within the 1 À r range of the actual observation. Large deviations between the model and the data are noted from local afternoon to morning time sector.
It is interesting to see if the model works for independent observations (other than ETS-2 measurements). In Figure 8 the thin blue lines show the variation of daily vertical TEC from GNSS satellites with elevation angle >50°and azimuth of 100°-220°during April 2011, June 2012, and December 2012. The data covers three seasons: equinox, local summer, and winter, respectively. The IRI model outputs are not shown [1980] [1981] [1982] [1983] [1984] [1985] . The filled circles connected by lines show the actual data while the continuous thick curve presents a sinusoidal curve with positive residual fitted to the data. The respective correlation coefficient (r) is also shown in the figure. as it is evident from Figure 7 that IRI is not accurate enough for the present observing station. Large day-to-day variations can be seen in the plots. The bold blue lines with filled squares give the monthly mean variation along with 1 À r standard deviations. The bold red lines show the model estimations of monthly mean TEC. The model evidently is able to estimate the average variation during different seasons as observed by the GNSS satellites. This further establishes the efficiency of the present model.
It may be mentioned that there are significant differences in the variations and absolute values of peaks/deeps among the solar cycles, as depicted by F 10.7 solar flux variation. The present model was developed using database of TEC from 1980 to 1990, the period including the descending phase of SC 21 and the ascending phase of SC 22. The model has specific fitting parameters for each month of the year for each part of the solar cycle. Comparing this model with data from the ascending phase close to the peak of SC 21 1979, Fig. 7) and that from few months of data in the ascending phase of SC 24 (2011 and 2012, Fig. 8 ) may not be sufficient. However, it is expected to be valid for other solar cycles as well because the model uses monthly mean F 10.7 solar fluxes and EEJ from the corresponding solar cycles as input parameters. Unfortunately, this cannot be verified at present owing to the unavailability of TEC data from ETS-2 or a suitably large database from other observations for a different solar cycle.
Discussion and conclusions
As discussed in Section 1, understanding of TEC variability is important for the maintenance of fail-safe transionospheric communication and navigation links. The largest TEC values with the highest variability are observed near the EIA crest region, thus this region is of paramount importance. There have been several previous attempts, mentioned earlier, to model the ambient ionosphere. It has been noted that past studies revealed that global models such as IRI, PIM, SLIM, and SUPIM in general do not accurately represent TEC variations near the anomaly crest regions (see Barman et al. 1997; Ezquer et al. 2004; Abdu et al. 2008 ). This necessitates the development of station-specific regional models of ionospheric parameters (Klobuchar & Allen 1970; Baruah et al. 1993; Gulyaeva 1999; Venkata Ratnam & Sarma 2006; Rao 2007) . It may be mentioned that until now no appropriate regional model of TEC for the northern crest of EIA in the Indian longitude zone has successfully been developed. This paper is our attempt at a creation of a practical and useable model for the Indian longitude sector. The present TEC model development was based on statistical analyses on a long-term (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) database of TEC from Calcutta situated near the northern crest of the EIA in the Indian zone (Chakraborty & Hajra 2008 Hajra 2011) . The diurnal TEC dependences on solar ionizing flux (F 10.7 ), equatorial electrodynamics (EEJ), season, and local time were analyzed to develop the model using linear, non-linear, and multiple-regression analyses. The model reproduces the observed TEC values well within the 1 À r range of the observed monthly mean for the entire data period. Further validations of the model were made using observed ETS-2 TEC data for the years and 1979 , and GNSS TEC measurements for 2011 A monthly mean model such as the present one may provide useful information about the degree of disturbance in the region, by comparing real-time data to the average pattern. Such disturbance levels could be useful in forecasting. Development of the ionospheric (and thermospheric) forecasting model for the solar wind disturbances is one of the most important aspects of the modern space weather studies (Mannucci et al. 2015 and references therein). For example, a few days before a coronal mass ejection or a high-speed solar wind stream arrival is predicted to occur at Earth Fig. 5 . Deviations of monthly mean TEC (TECU) at the mentioned local times vs. monthly mean EEJ strength (nT) at 2 h earlier time for the months of January, July, and October for the entire period of observation (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) . The linear regression fitting and correlation coefficient (r) between the two are also shown. (Norquist 2013; Tobiska et al. 2013) . Knowing whether the ionosphere is near or away from the average condition (present model) could be useful for the forecasting.
Final comments
Below the F2-layer peak, i.e., at the Chapman layers where plasma transport is generally not important, the plasma density largely depends on the cosine of the solar zenith angle (SZA), according to the theory of photo-ionization (Chapman 1931 ). The present model does not explicitly account for the SZA and its variation through a Chapman function. However, the local time and seasonal dependences of TEC are expressed as sinusoidal functions of local time and month, respectively. These may be associated with SZA dependence. TEC is shown to exhibit hysteresis effect between the descending and ascending phases of the solar cycle, with prominent local time dependence. This might be associated with a difference between the SZAs. More research is required for any conclusions on this. As mentioned in Section 3, the plasma density profile depends on a long and complex chain of processes in terms of production, loss, and transport of the plasma. In the present regression model development which is solely empirical, this chain of processes is not visible. This may lead to the observed errors in the model. 
